Propert& of the electronically excited states of a-9-anthrylpolyenes are studied in n-hexane solutions by using optical absorption, emission and fluorescence excitation spectroscopy. The absorption spectra reveal a complex structure with contributions of both anthracene and polyene type bands but also of bands with mixed anthraoene/polyene character. Small amounts of remaining impurities are chemically not separable but can be detected via fluorescence measurements. By computer-aided decomposition of spectra measured under variable selective excitation the actual, clearly chain-length dependent, fluorescences could be obtained. The fluorescence quantum yield drastically decreases from +0.75 at n= 1 to + 10v4 at n=5, whereas the radiative lifetime increases.
Introduction
The electronic properties of linear polyenes have been investigated extensively [ 11. Current interests are directed particularly towards possible applications in model systems for both biophysics and future molecular electronic devices [ 2 1.
Symmetrically phenyl-substituted polyenes have been most widely used in previous studies because of higher stability and increased fluorescence quantum yields as compared to unsubstituted polyenes [ 3 1. Their electronic properties reveal corresponding chain length dependencies related, however, to an extension of the electronic II states into the substituents. Similar behaviour is found for systems based on symmetrical substitution with higher aromates, dinaphthylpolyenes [ 41 and dianthrylpolyenes [ 5,6 1, and for systems like monophenylpolyenes [ 7 1 . Commonly singlet state properties of these compounds are investigated under conditions of isolated molecules in liquid or solid solution. Recently, we have contributed to this field by measurements of both singlet and triplet excited states for diphenylpolyenes in single crystal environment [ 
81.
Within the context of the two active branches of research mentioned above asymmetrically substituted donor/acceptor-type polyenes are more relevant. Using anthracene as donor and various molecules as acceptor we have studied such systems with respect to the occurrence of intramolecular energy transfer [ 9-111 and charge separation [ 121. As it turned out during that work, however, detailed understanding of the anthrylpolyenes themselves without acceptor substituent is required. These are appropriate as reference systems for the complex behaviour of the bi-substituted supermolecules. Therefore optical spectra of anthrylpolyenes 9A-P,-CH3 are investigated for chain lengths n G 5. The major aim of the present work is to characterize the singlet state properties of these compounds and to identify the true fluorescence emissions for different chain lengths. Time-resolved measurements are presented elsewhere [ 12 1.
Experimental
The subject of our investigations were linear alltrans polyenes of the form 9A-P,-CH3 (n= l-5), see fig. 1 a. The nomenclature used in this work is the same as in ref. [ 91: 9A=u-Panthryl, P,-CHS E polyene chain of n double bonds, which is terminally substituted by a methyl endgroup. Lateral methyl groups were introduced to stabilize the linear polyene chain. The compounds 9A-P.-CH3 were synthesized and extensively purified as described in refs.
[ 13,141. Remaining isomers (determined via HPLC) were below 0.5% for n>2. 9A-P,-CH3 was a mixture of 83% tram-isomer and 17% cis-isomer. The samples were prepared as liquid solutions with a concentration of 1 O-'j-l Om5 mol/L in order to avoid concentration effects and to maintain low optical densities. n-hexane (Uvasol, Merck) was used as purchased. The solutions were degassed from oxygen by repeated freeze-pump-thaw cycles. Optical absorption spectra were recorded at T= 295 IS using a Perkin Elmer Lambda 16 UV/VIS spectrometer. Emission and excitation spectra were obtained at T= 180 K with a 450 W xenon lamp and a 0.25 m double monochromator as light source, and a 1 m
9A-P&H, double monochromator with cooled photomultiplier as detector. The photomultiplier was connected to a photon counter. All emission spectra in this work are corrected for the spectral responses of the experimental equipment and represent quantum fluxes. Quantum yields were measured relative to a common standard, anthracene in n-hexane (&= 0.30 at T=295 K [IS], &=0.55 at T=180 K).
Results and discussion
The absorption spectra of the anthrylpolyenes (n = 1-5) are shown in fig. lb. They consist of several bands, which vary in absorption strength and partly are displaced as a function of chain length. The main absorption band is found in all spectra at about 39000 cm-', which is characteristic for the anthracene So-S3 transition_ With increasing chain length, however, the extinction coefficient of this band is reduced (from n = 1 to n= 5 by about a factor of 2). Instead the low energy S,,+S, absorption band intensifies with chain length and is red-shifted from about 29000 to 24000 cm-'. For n~2 additional ab sorption bands (labelled * and -, respectively, in fig. lb) appear in the spectra. They also intensify with n and are red-shifted, but cannot be attributed to the anthracene or polyene moiety. As a detailed theoretical analysis revealed [ 161, these new bands correspond to mixed electronic transitions involving both anthracene and polyene states changing the pndominant character with increasing n. The fluorescence emission spectra of the anthrylpolyenes after excitation in the main absorption band at 39000 cm-' are also given in fig. lb . These spectra are strongly red-shifted with increasing n and are corresponding for n ( 3 in energetic position to the lowest absorption band. For n = 4 the spectrum seems to consist of at least two contributions, the one at lower energy with its maximum position fitting well in the sequence n= l-3 but the other one overlapping with the absorption. For n= 5 even the main portion of the fluorescence is located in the blue spectral region and overlapping with the absorption.
Upon varying the excitation energy it is found that the emission spectra for n 6 3 consist of one single component as shown in fig. lb , whereas those for n=4 and n= 5 strongly depend on the excitation. As an example the fluorescence spectra for n =4 obtained at different excitation wavelengths are plotted in fig. 2 . Obviously the fluorescence emission exhibits several spectral components whose relative contributions to the overall spectra vary with the ex- citation. Correspondingly, different fluorescence excitation spectra are observed for different detection wavelengths. These observations are supported by time-resolved spectroscopy [ 12 1. The fluorescences reveal monoexponential decays for n< 3, but bi-or multiexponential decays for n=4 and n= 5.
In order to identify the actual fluorescence components of the n = 4 and n = 5 species and to separate quantitatively the different spectral contributions a spectral decomposition has to be performed. We applied a principal component analysis (PCA) #* to the observed spectra.
Two Bottom: weighted principal components.
tively they can be categorized as follows. The fourth component at lowest energy is assumed to represent the actual n = 4 fluorescence in good approximation, since it is obtained after long-wavelength excitation and apparently, compared with ligs. 1 and 3, could lit with respect to its spectral characteristics within the dependence on n stated above for n f 3. For the other three principal components a striking resemblance to the fluorescence spectra of shorter polyenes for n G 3 is discovered, when normalizing the spectra taken from figs. 1 and 3 to the same intensity ( fig.  4) . From the close similarity of the spectral features we are led to the conclusion that impurities of similar molecular composition must be involved and are causing the additional emissions. Further arguments about the possible nature of these impurities will be discussed below. For the case n=5 an extended puritication [ 131 led to a strongly reduced overall fluorescence quantum yield, confirming the presence of impurities. The PCA method applied to the fluorescences yielded five components. Out of these, the one at lowest energy is assigned to the actual fluorescence of 9A-PrCHS, whereas the other components like in the case of n = 4 are similar to the spectral components of the shorter anthrylpolyenes.
After separation of the actual fluorescence contributions of the species n = 4 and n = 5 it was possible to determine the fluorescence quantum yield fir for the whole series of 9A-P,,-CHS, with n=l-5. The values of $r are plotted in tig. 5 as a function of II, They drastically decrease with increasing chain length (from+0.75atn=l to&=10-4atn=5).Byusing the measured fluorescence lifetimes [ 12 ] the radiative lifetimes have been determined and the values rti(n) are plotted in fig. 5 . Formally, as an additional reference compound for n=O ( 9A-Po-CH3), the experimental values & and rmd for 9-methylanthracene have been included in the plots of fig. 5 . For n= I,2 there are no significant changes in & and r=d compared to n= 0. This could be explained by the lowest excited singlet state having strong anthracene-like properties.
It must be emphasized that the essential changes in $f and traa occur at n > 2 (corresponding to the results on monophenylpolyenes [ 71) when an increasing energy gap appears between absorption and fluorescence. These aspects are treated theoretically in ref.
[ 16 1. The observed radiative lifetime rrad increases with n, whereas the one obtained from the oscillator strength of the lowest absorption band decreases. A similar discrepancy is reported in the literature [ 11 for various polyene systems, where it is attributed to the fact that the fluorescing singlet state of polyenes with n > 3 is of the same symmetry as the ground state and therefore forbidden in absorption. The same explanation seems to be applicable to the present case. It is consistent with the observed energy gap between absorption and fluorescence and with the increase in rd. The observed behaviour for n > 2 could be explained by the low-lying excited singlet states having strong polyene-like properties.
In summary, the overall chain length dependence of the observed energy gap and of TV for 9A-P,-CHs (n= 1-5) can be explained by assuming the lowest excited singlet state to change from anthracene-like (n92) to polyene-like (n>2).
As emphasized above, the impurities causing the high-energy components in the fluorescence spectra could not be definitely identified. In the following, however, further arguments about their possible nature will be summarized.
(i ) Additionally, fluorescence excitation spectra of the individual impurity emissions have been studied. They were obtained indirectly in two steps since the impurity emissions were spectrally overlapping. First, series of fluorescence spectra were measured under variable, energy selective, excitation (in the range between 20000 and 35000 cm-') and constant excitation intensity. Second, these spectra were decomposed applying the PCA as above. Combining these two sets of data, fluorescence excitation spectra were derived, point by point, which correspond to the absorption spectra of the anthrylpolyenes and clearly exhibit the same chain length dependency. Thus, these spectra reveal a close similarity between the impurities and short chain anthrylpolyenes as stated above. Isomers could be excluded, because the resulting fluorescence excitation spectra were clearly different from absorption spectra to be expected for isomers (these should be similar to the absorption spectra of the original compounds except for slight shifts)_
(ii) When attributing the fluorescence components obtained by the PCA to individual impurity molecules, the impurity concentrations can be estimated. The values obtained from the relative quantum yields in the fluorescence spectra are in the range I%-3%.
(iii) Isomerization during the optical experiment as possible source for impurities was ruled out by comparing HPLC before and after the measurements. Photochemistry during the measurements was not observed, there was quantitatively no difference between the spectra obtained at the beginning and at the end of the experiment.
Photochemically produced impurities are found only under extreme conditions upon irradiating the sample in the presence of oxygen (which otherwise is excluded during the experiment) for several hours at light intensities increased by orders of magnitude.
summary
In this Letter, absorption and fluorescence spectra of anthrylpolyenes 9A-P,-CH3 have been studied as a function of chain length (n= l-5). The measurements of the emission spectra required particular effort to separate the true fluorescences of the compounds from those of residual impurities (presumably compounds similar to anthrylpolyenes with shorter chain lengths carrying relatively high quantum yields).
The fluorescence quantum yield of 9A-P,-CH3 diminishes for an increasing number n of double bonds, whereas the observed radiative lifetime increases. At the same time an energy gap between absorption and fluorescence appears. This behaviour can be explained assuming the lowest excited singlet state changing its properties from anthracenslike (n~2) to polyene-like (n>2).
